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On die assumption that depltosphoryladon of the neuroirepie eoronavirus J HM (JUMV) nucleocapsid protein (N) may be connected with initiation 
of the infectious cycle we searched for a relevant host enzyme activity, Analysis of subeeilular fraction* from L>2 murine fibroblast*, separated 
ty dual percoll density gradients, revealed the presence of a phosphaprotcin phosphatase (PPPase), co-scdimemlng with thecmlusesomal/prclysb- 
somnl material, which possesses high activity against N. With purified [ 1J P)N us substrate it was demonstrated that this PPPase, distinguishable 
front acid and alkaline phosphalases. acts optimally at neutral pH In the presence of Mn 1 * following treatment with a detergent. Complete inhibition 
with okadaic acid at 0.9-4,S pM but no! at t—10 nM relegates this PPPase io a type I protein phosphatase. Similar PPPase activity for N Was 
present in the endosome fraction of a rat Roe-1 astrocytoma-oligodendrocyte cell line and in homogenates of brain and cultured oligodendrocytes. 
Our data suggest that the phosphorylated N of the inoculum may be modified by the endosomal PPPase in host eells, including those from the 

CNS so as to facilitate the JHM V infectious process. 

Phosphoprotein phosphatase; Endosome; Coronavirus; Nucleocapsid protein 


I. INTRODUCTION 

Protein phosphorylation is known to be fundamental 
in the regulation of numerous cellular processes (1). In 
the case of viruses differential states of phosphorylation 
can profoundly modulate cell-virus interactions and 
generally influence the infection [2,3], Protein phos¬ 
phatases (PPases) of several well-categorized classes 
[4], acting in concert with protein kinases, also affect 
many cellular processes but have not been shown, 
heretofore, to be involved directly in viral functions. 

Coronavirus JHM (JHMV), a neurotropic strain of 
mouse hepatitis virus (MHV), causes demyelinating and 
encephalitic diseases in rats and mice. Demyelinating 
lesions in the white matter of the rat CNS presumably 
occur due to the tropism of JHMV for glial cells of the 
oligodendrocytic lineage [5]. Evidence from several 
studies indicates that the infectious process which com¬ 
mences with penetration may be initiated at or near the 
cell surface, perhaps following sequestration of the in¬ 
oculum in an endosomal compartment with a neutral 
pH milieu [6-8]. 
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In this paper, we present data regarding partial 
characterization of a phosphoprotein phosphatase, 
associated with the endosomal fraction of host cells 
(PPPase), which is highly active against the nucleocapsid 
protein (N) of JHMV. Among the 3 major structural 
proteins of JHMV, N is phosphorylated [9] and has the 
capacity to bind nucleic acid [IQ]. Implications of de- 
phospliorylation of N on early host-virus interactions 
are discussed. 

2. EXPERIMENTAL 

2.1. Materials 

Okadaic acid was purchased from Moana Bioproducts, Hawaii. 
Acid phosphatase of potato was obtained from Nutritional Bio¬ 
chemical Corporation, Ohio, alkaline phosphatase of E. coli from 
Sigma, St. Louis and Percoll from Pharmacia. 

2.2. Virus and cell cultures 

Propagation of L-2 murine fibroblasts [11] as monolayers and 
coronavirus JHMV, including plaque assays (pfu), followed pro¬ 
cedures described previously [5], Suspension cultures of L-2 cells for 
biochemical studies were grown in MEM supplemented with 8% Nu* 
Serum plus 2% FBS. The immortalized Roc-1 cell-cell hybrid line, of 
rat Cr, glioma x primary oligodendrocyte (a kind gift from Dr. F.A. 
McMorris, The Wistar Institute, Philadelphia, PA), was grown in 
Dulbecco’s modified Eagle's medium (DMEM) supplemented with 
10% FBS, 1.2 g/1 NaHCOs and 1 x HAT supplement (Glbco), 
Primary cultures enriched for rat oligodendrocytes (95% pure) were 
isolated and cultured for 10 days as described previously [12], 

2.3. Homogenates and subeeilular fractionation and characterization 
Homogenates obtained by a Dounce homogeniser of oligo¬ 
dendrocyte and whole brain from 2-day-old rats were suspended in 
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TPEL buffer (lOmM TrlvHCT (pH 1 4), I mM KOTA, JO Mb 1‘MSF 
per ml tux) 2 mu leupepiin per mil. 

Sub-cellular fracilonaiien w»i achieved by meant of centrifugation 
throughdual Pctcoll gradients at In Merioftand Portia||J|. The frac¬ 
tion* were collected marling from the bottom of the tube. 

2.4, Murker e/nyine assart 

Acid phuxplutinsc was anayed according to Fallen autl Wang (14). 
Lactate dehydrogenate (1C 1.1.1.21) utlng the Sigma Diagnostic 
reagent lelt (LO-L) (Sigma Diagnostics, St. Louis, MO), alkaline 
photphauttc at described by Lee et a). [I J|. (except that the reaetitin 
mixture, made up ion volume of 1,0 ml with tllttllled water, contained 
I nmol /jNPP, 2D jititol MgClj and SO nmol Trh-HCI, pH 9,0), tltc 
ouabain-sensitive (Na',K*) dependeni A'TPase activity at described 
by Cate* and Holland 116) and /J-gglactosIdnse at in Hall et al. |I7|. 
Protein wax meatured according to Lowry et al. (IS). 

2.5. Electron microscopy a/SttbceUttltte fractions 

The biochemically characterized lytotomal and entlosomal frac¬ 
tions were sedimented at 10 s x % for 00 min Into pellets. These were 
fixed with 1% buffered glutaritldehyde, post-fixed in OsOj and pro¬ 
cessed for ultrainUrotomy and examination in a Philips EM 300 a> 
deseribea previously (19). 

2.6, Purification of ’^P lubelted vlrttl nueleocapsltls 

Confluent L-2 cell monolayers in 600 enr trays were inoculated 
with JHMV at an m.o.i. of 0.01 pfu/cell. When 10-15% or the mono- 
layer became fused Into syncytia, usually 12 h after infection at 32*C, 
the cultures were incubated for 2 h in phosphate-free medium at 
37*C. Then I mCi | ]! P)orihophosphate (DuPont, Canada, specific 
activity! 8.500 Ci/mmol) was added and syneytiogcncsis allowed to 
proceed to completion. The cell material was washed thrice with cold 
PBS, scraped and suspended in 1.5 ml HjO per tray, then disrupted 
by squeezing through a syringe tipped with a 30-gauge hypodermic 
needle. The resulting lysate, buffered with TMEN-6 (Tris-maleatc 50 
tnM, EDTA 1 mM and NaCI 0,1 M, at pH 6.0) was centrifuged at 
7000xg for 15 mill to obtain a supernatant fraction containing the 
nucleocapsid component. Membranes were solubilized with NP-40.it 
a final concentration of 0,5% by shaking at O'C for 30 min. Follow¬ 
ing cenlrifugation at 1,3 • I0 ! xg for 20 h through a 15 to 50% (w/w) 
sucrose gradient in TMEN-6 containing 0.1% NP-40, layered over a 
65% sucrose cushion, 1 ml fractions were collected from the bottom 
and analyzed fnr N by SDS polyacrylamide gel electrophoresis (SDS- 
PAGE) 120) and where appropriate, also by Western blotting [21], 
The bottom 4 gradient fractions containing concentrated N were 
pooled for preparative SDS-PAGE. Visualization in the gel by 4 M 
sodium acetate 122) permitted precise excision and extraction or the N 
band from the gel, as described by Pruslin and Rodman [23). The ex¬ 
tract was clarified by centrifugation nnd filtration and dialyzed 
against distilled water, Homogeneity and purity of the product was 
assessed by autoradiography and Western blotting, using a mono¬ 
clonal (Mab) anti-N antibody (kindly provided by M. Buchmcier of 
the Scripps Clinic and Research Foundation, La Jolla). 

2.7. Phasphoprotein phosphatase ussays 

The reaction mixture consisted of 25 mM Tris-maleate buffer (pH 
7.0), 1 mM MnCb, 0 . 1 % Triton X-100, ,z P-labellcd N and the en¬ 
zyme fraction (20-100 pg protein) in a total volume of 100 pi. After 
incubation at 30°C for 90 min the reaction was terminated by addition 
of 400 pi ice-cold 25% TCA plus 50 pi 1% BSA and left overnight at 
0“C. 3i P released into the supernatant by enzyme action was assayed 
by the method of Maeno and Greengard (24). Qualitative assessment 
of dephosphorylation was obtained by comparing the autoradiogram 
of SDS-PAGE separations of control and experimental reaction mix¬ 
tures on 10% acrylamide gels, 


3. RESULTS 

A protein phosphatase activity against purified N 


protein, whieh could be activtued with Triton X-IQQ 
was detected in L-eell homogenates. Subcellular frac¬ 
tionation intended to separate membraneous organelles 
was carried out by means of dual Percoll gradients [13], 
The dam regarding distribution of marker enzymes ob¬ 
tained from such fractionation are summarized in Fig, 
I and Table I. The markers for lysosomes and endo- 
somes were acid phosphatase and $-galactosldase. The 
activities were distributed in 3 peaks in gradient I (Fig. 
I, Percoll t). Peak 1, at the bottom of the gradient 
presumably contained the denser lysosomes. Peak 2, 
contained both lysosomal/endosomal marker enzymes 
and the plasma membrane ouabain sensitive No*, K'- 
ATPase. Peak 3 was associated with cytosolic material, 
marked by the presence of lactate dehydrogenase and 
alkaline phosphatase, When subcellular materials 
isolated in peak 2 of the first Percoll gradient were cen¬ 
trifuged through the less dense second Percoll gradient, 
endosomal marker enzymes became distributed near the 
bottom, clearly separated from the plasma membrane 
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Fig. I. Profiles of enzyme activities present in L-2 subcellular frac¬ 
tions separated by centrifugation through gradients. Profiles of 
marker enzyme distribution describe activities measured in fractions 
isolated from Percoll I (panels on left) and Percoll II (panels on right) 
gradients. Isolated fractions 21 and 22 from Percoll 1 were combined 
and separated by Percoll II gradient. The representative data shown 
were derived from one of several similar experiments. 
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Table I 


SuKelhtlar distribution of a phosphoprotein phosphaiare from b-2 
_ sells, active on JHMV nueleoeaptldr 


Cell fraction 

** Standard activity 

Tom) homogenate 

iQQ 

Total homogenate without detergent 

2d 

Nuclear pellet 

249 

Part .nuclear supernatant 

147 

Lysosomal 

512 

Cytosolic 

443 

Endosomal 

5330 


Preparation of eel! fraetionsnnd en/ymc assays were described in see- 
lion 2. Standard activity It the measure of dcpherphorylatlon obtain¬ 
ed wlili JO pa e-ell homogenate in rite prerenee of a. I fo Trliun X-lOO 
111 3Q*C for SO min. Approximately 0. J Mil of purified ,: P-lab«ltcd N 
protein, wiili a eoniem of nboui 1000 epm, was preicm as ilie 
subsume. The pioieln-bound, remaining radioueiivity was quan¬ 
titatively recoverable In TCA precipitates. Triton X-100 {O.mi was 
present in all reactions except where indicated. Data calculated as the 
percentages of standard activity represent tlephosplioryinting ac¬ 
tivities in different snbcellular fractions containing equal amounts of 
protein (50 ms). The data shown here arc representative or several ex-, 
pcrlments. 

enzyme (Fig. 1, Pcrcoll II). The peak 1 fractions from 
the 1st Percoll gradient and the bottom fractions in Per- 
coll gradient II were enriched, respectively, in lysosomal 
and endosomal components. Electron microscopic 


observations, illustrated in Fig, 2, revealed the presence 
of larger membraneous structures, characteristic of 
lysosomes, in Traetion 5 under peak 1 of Percoll gra- 
diem I and much smaller vesicles of the size and mor¬ 
phology associated with endosomes in fraction 3 near 
the bottom of Percoll gradient II, supporting our bio¬ 
chemical evidence. 

The data comparing PPPase activities against ( ,: P)N 
ns substrate, relative to the activity in the total cell 
homogenates, were obtained on snbcellular fractions 
and arc shown in Table I. It is evident from these data 
that the endosomal fraction was enriched 25-fold in this 
PPPase. Material from Percoll gradient II In the frac¬ 
tions enriched in plasma membranes contained only 
minor dcphosphorylating activity (data not shown). 
The effect of the endosomal PPPase on the ( J2 P)N sub¬ 
strate, was also demonstrated autoradiographically, as 
illustrated in Fig, 3, supporting the quantitative results. 

The endosomal PPPase activity was stable during 
storage at -2Q°C for over two months, but profoundly 
decreased upon freezing and thawing more than once. 
The pH optimum, basd on measurements in buffers 
containing sodium acetate, Tris-maleate and Tris-HCl, 
providing the appropriate pH range, occurred at about 
neutrality (data not shown). Mn !+ at I mM was the re¬ 
quired divalent cation for optimum PPPase activity, 



Fig. 2. Selected examples of tbin sections prepared from pellets of cell fractions characterized biochemically as lysosomes (A) and endosome (B), 
The membrane enclosed organelles in (A) contain large qualities of multilayered membraneous material. In (B) the vesicles are smaller and some 
contain dense material. The ‘granular’ background is due to aggregates of spherules of uniform size (arrows), most probably the remnants of Per¬ 
coll used in gradients for separation of celt fractions. A and B magnified x 53 000. 
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Fig, 3, Dcphosphorylaiion of N by endosomal PPPase. The assay 
was performed as described in section 2. The figure illustrates an 
autonitliogram of )J lMabcllcci N separated by SDS-PACE after in¬ 
cubation in t he absence (lane l) and presence (lane 2) of iltc endosomal 
fraction of l,-2 cells, In a parallel quantitative experiment the enzyme 
preparation released over 40% of the phosphorous from N. 


Table II 

Effect of divalent cations, sodium fluoride and okadaic acid on 
PPPdse and acid phosphatase from L*2 cell endosomes 


Addition 


Activity of endosomal fraction on 



t”P|N at pH 7.0 

pNPP at pH 5.5 



(°tb 

dcpliospliorylatlon) 

(nm/mg protein) 

None 



9.1 

• 

Fe : \ 

t mM 


0.0 

- 

Zn : \ 

1 mM 


3.0 

- • 

Ca 3 *, 

1 mM 


14.0 

- 

Ms 3 *, 

1 mM 


14.0 

- 

Mn 3 ' 

1 mM 


28.8 

424.5 

Mn 3 * 

1 mM + NaF, 

30 mM 

19,5 

17.3 

Mn 3 * 

1 mM +O.A., 

, 0.9 pM 

6.05 

- 

Mn-* 

I mM +O.A., 

, 4.5 nM 

1.15 



Activity of PPPase on ( 3 -P]N was monitored by determining the 
release of 3: P from the substrate as described in section 2 and ex¬ 
pressed as % dephosphorylation. Acid phosphatase was assayed with 
/;-nitrophenyl phosphate ns substrate. The reactions were run for 90 
min. denotes not done; O.A., okadaic acid. 

Table III 

Activity of add and alkaline phosphatases on the N protein substrate 


Enzyme used pH of reaction PPP’ase activity 

(% dephosphory¬ 
lation) 


L-cell endosomes 

7.0 

51“ 

Acid phosphatase from potato 

5.5 

0 

Acid phosphatase from potato 

7.0 

0 

Alkaline phosphatase from E. coli 

9.0 

0 

Alkaline phosphatase from £. coli 

7.0 

0.2 


Commercially obtained acid phosphatase from potato and alkaline 
phosphatase from E. coli were tested initially at concentrations which 
possessed the same activities with p-nitrophenyl phosphate as sub¬ 
strate as the endosomal PPPase from L-2 cells. The reactions were 
run for 90 min at 30°C. Similar results were obtained using 10-fold 
concentrations of the commercial enzymes. 

“In this experiment the endosomal preparation had exceptionally high 
dephosphorylating activity, the usual values being 30-40%. 


while Ca s * and Mg J * were less effective and Zn ! * and 
Fe 5 ’ were inhibitory (Table II). The PPPase in the 
endosomal fractions could be differentiated from any 
contaminating acid phosphatase by the degrce of inhibi¬ 
tion in the presence of 30 mM NaF: the acid phosphatase 
was reduced by 96®/o, while the neutral PPPase by only 
33%, as evident from Table H. 

Okadaic acid, a known inhibitor of protein phos¬ 
phatases, was used to demonstrate that the endosomal 
PPPase belongs to the type I or2A enzyme category of 
Cohen et al. [25], Pretesting the inhibition by okadaic 
acid in a scries of concentrations (data not shown) 
revealed that in the range 0.9-4.5 pM inhibition was 
80-96% (Table 11) whereas inhibition was absent at 
1-10 nM. On this basis we relegated the endosomal 
PPPase to a type 1 serinc-threoninc protein phosphatase 
rather than to a tyrosine-specific phosphatase (26). This 
was confirmed by demonstrating in standard assays de¬ 
phosphorylation of ,2 P-labelled casein and histone 2B 
(data not shown). Specificity of the viral N protein as a 
substrate for the endosomal PPPase was shown by a 
lack of dephosphorylating activity with acid (from 
potato) and alkaline (from E. coli ) phosphatases (data 
in Table III). For an objective comparison of these data 
it should be noted that assays were conducted employ¬ 
ing [ n PlN at the pH and concentration appropriate for 
each of the 3 enzymes, following preliminary testing 
using pNPP as a non-specific substrate. 

In the context of our more general interest in infec¬ 
tions by JHMV within the CNS of rodents [30], we ex¬ 
amined neural cells and tissues for the presence of 



Fig. 4. Comparison of PPPase activity in brain tissue and neural cells 
with that of L-2 cells. The data from one of several representative ex¬ 
periments are expressed as percent dephosphorylation of [ 32 P]N by 
enzyme in samples containing 50 4g protein during 90 min at 30°C. 
Comparable assays on neonatal rat liver and kidney homogenates 
gave PPPase values of 1.5% and 2% respectively. WF = Wistar Furth 
rats. 
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PPPasc(») acting on [ j: P)N substrate. We compared 
PPPasc assays on rat material, including extracts of 
neonatal brain, primary oligodendrocytes and a defined 
endosomal fraction from oligodendrocyte xC* 
astrocytoma Roe-1 ceils, with endosomes from L-2 
cells. Since it is impossible to determine from which 
particular cell type endosomes originate when Starting 
with the heterogenous cell population in brain tissue 
and was not possible to obtain a sufficient number of 
purified primary oligodendrocytes for isolating en¬ 
dosomes, we were unable to obtain any data directly on 
endosomal PPPasc in these two materials. It is, 
however, evident from Fig, 4, that homogenates from 
brain and primary oligodendrocytes contained respec¬ 
tively about 5 and 12 times more PPPasc, per 50 pg pro¬ 
tein, than homogenates of L-2 cells. Assays made on 
liver and kidney tissue homogenates demonstrated that 
the comparable PPPasc activities, 1.5% and 29o respec¬ 
tively, were lower than those in brain and approximated 
those found in whole homogenates of L-2 ceils. The en¬ 
dosomal preparations from L-2 and Roc-1 ceils con¬ 
tained cqmparablc PPPasc activity. Therefore, the 
PPPasc which may play a role in the infection of the 
CNS by JHMV is abundantly active in neural cells. 

4. DISCUSSION 

Presence of a serine-threonine type 1 endosomal 
PPPase activity, evidently specific in the dephosphoryla¬ 
tion of a viral nucleocapsid protein N, can be detected 
in murine L cell fibroblasts, rat glial cell line, explanted 
oligodendrocytes and brain tissue, drawing attention to 
the possible role of this enzyme in the infectious process 
of a neurotropic coronavirus JHMV. Activation of this 
PPPase in the presence of detergent suggests that the 
enzyme is latent, perhaps residing on the endosomal 
membrane rather than in the fluid milieu of the endo- 
some. It has not been established whether the PPPase 
occurs at the external or cytoplasmic face of this 
organelle. The presumed role for a neutral PPPase 
localized in endosomes during early virus-cell inter¬ 
actions is consistent with dear evidence that corona- 
viruses, unlike many other enveloped agents, do not 
pass through an acidic compartment to initiate their in¬ 
fectious cycles [8]. It is, of course, well established that 
contents of endosomal vesicles progress from neutral to 
an acidic milieu as these organelles migrate from the 
surface towards the interior where, due to membrane 
fusions and proton pumps they become prelysosomes, 
then lysosomes with an acidic content [28,29], The 
RNA genomes of coronaviruses may gain access into 
the cytosol near the cell surface, conceivably soon after 
inoculum virions have been sequestered inside early 
endosomes. Thus a neutral PPPase concentrated in ear¬ 
ly endosomes would be in a strategic position to dephos- 
phorylate the coronavirus N component of nucleo- 
capsids after internalization of the inoculum virions. 
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As to the biologieal significance of specific dephos- 
phorylmlon of the viral component by the endosomal 
PPPase, our previous studies [20,31) indicated that 
molecules of N out of which the protective coat around 
the RNA genome is made, become rapidly hydrolized 
after infection. Dephosphorylation may be the initial 
step required for the processing of N. This idea led us 
to hypothesize that the PPPase activity, described here, 
initiates dissociation of N from the nucleocapsid so as 
to promote uncoating of the RNA, The role of the 
PPPasc may also be of relevance in infections within 
the CNS, where JHMV is specifically tropic for cells of 
the oligodendrocytie lineage both in young rats and 
CNS explants [5). Susceptibility to JHMV infection is 
lost when the progenitors acquire the phenotype of 
mature oligodendrocytes. The block due to maturation, 
which is apparent subsequent to attachment and se¬ 
questration, could involve the uncoating step. The non- 
permissive state of mature oligodendrocytes for JHMV 
could be related to the cAMP dependent protein kinase 
metabolism, specifically involving a notable upregula- 
tion of the regulatory subunit RI of protein kinase type 
I [30], Since RI can suppress the endosomal PPPase 
when added to an in vitro assay system [31], there ap¬ 
peared to exist in oligodendrocytes an interrelationship 
between induction of R and inhibition of the endosomal 
PPPase. The consequence of reduced PPPase activity 
in oligodendrocytes might be an adverse effect on the 
uncoating of JHMV affecting viral expression in the 
CNS. 
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